Abstract The study of exhaled breath condensate (EBC) obtained by cooling exhaled air under conditions of spontaneous breathing is considered one of the areas with higher interest in respiratory health research. The use of EBC for elemental determination in occupational exposure requires a standard methodological procedure to implement its practice in occupational studies. EBC is an inhomogeneous sample with organic and particulate matter in suspension, which may hamper analytical results reliability. Total reflection X-ray fluorescence and inductive coupledplasma mass spectrometry (ICP-MS) techniques were chosen as both are multielemental, require small sample volumes and have appropriate detection limits. Estimation of the overall uncertainty in both techniques was carried out using a pool of EBC collected from a group of workers of a lead processing industry to perform precision and trueness studies for K, Mn, Cu, Cd, Sb and Pb. Precision was estimated in terms of repeatability using the native EBC sample pool and trueness in terms of recovery obtained from spiking aliquots of the EBC pool with K, Mn, Cu, Cd, Sb and Pb at different concentrations. Recovery was the most significant contribution to total uncertainty. The overall uncertainties obtained for ICP-MS enabled to discriminate between groups of individuals exposed to different levels of contaminants. Therefore EBC proved to be useful in human biomonitoring.
Introduction
Exhaled breath condensate (EBC) is obtained by condensing the exhaled air into a cooled collection device by breathing tidally. The EBC is a matrix in which numerous volatile and non-volatile substances can be detected, enabling the assessment of biomarkers of effect (e.g., occupational assessments) and response (e.g., pulmonary pathobiology assessments) in real-time or in conditions close to real-time [1] . Measuring metals in EBC is a promising method of risk assessment, comparing with other common indicators (like blood), once it is noninvasive and quickly and easily collected [2, 3] .
In occupational assessments where workers are exposed to metal dust the EBC may provide unique indication of direct exposure [4] [5] [6] . The emerging use of EBC for metal quantification in occupational exposure studies needs a standard methodological procedure [1] , based on the requirements of both method validation and uncertainty estimation, in order to implement its practice in exposure assessments. The EBC sample is a water suspension, highly diluted, inhomogeneous, containing organic and significant amounts of particulate matter [7] . Moreover, an EBC sample has only a few millilitres of volume, which has to be enough to perform accurate analysis of occupationally relevant elements, usually present at the workplace in trace levels. These issues influence sample representativeness and raise analytical difficulties, limiting direct analysis of the sample and constraining the use of conventional pretreatment methods. So, multielemental analysis of EBC samples constitutes a true analytical challenge mainly due to the degree of rigour required to biomedical or occupational studies.
In this work samples were collected from workers of the lead processing industry, where the most relevant contaminant was Pb though, Mn, Cu, Cd and Sb, among other metals, were also present in the work environment [8] . Total reflection X-ray fluorescence (TXRF) and inductively coupled-plasma mass spectrometry (ICP-MS) were the techniques chosen to analyse selected elemental concentrations in EBC, i.e., K, Mn, Cu, Cd, Sb and Pb. Both techniques are appropriate since they are multielemental, requiring only very small sample volumes and presenting detection limits (LD) that fit for metal analysis in EBC samples. In addition, TXRF is a technique accredited for water analysis at LNEG by the Portuguese quality system following the regulations of ISO/IEC 17025 that assures the continuous validation of the analytical methodology and the reliability of results [9] .
The validation and quality control process consisted of overall uncertainty estimation for both techniques to assess the fitness for purpose of the procedure and therefore to demonstrate the reliability of measurements. By comparing the overall uncertainties obtained the suitability of the analytical procedure can be clarified. The adequacy of each analytical method for occupational studies are discussed based on realistic and controlled uncertainties determined as a mean to ensure comparability of results and to discriminate between exposure levels.
Experimental
Sampling and sample preparation EBC was collected with commercial equipment (EcoScreen, Jager, Germany) consisting of a trap cooled to -30°C where exhaled air condensates and two unidirectional valves that prevent inhaled and exhaled air from mixing in the collection tube and work as a saliva trap [5, 8] . The EBC collection period was of 15 min, providing an average volume of 2 ml of condensate.
The EBC samples were collected from workers of two industries and exposed to different ambient levels of metal dust and non-exposed individuals working in offices.
Three groups of exposure were constituted: (1) Low-level exposure consisting of 55 samples collected from nonexposed individuals; Intermediate-level exposure comprising 160 samples collected from workers of a battery assembling industry; and a high-level exposure comprising 50 samples obtained from workers of a Pb recycling industry. Particulate matter was collected in fine (PM2.5) and coarse (PM10) fractions and Pb concentrations determined in both fractions: For validation study two certified reference materials (CRMs) with an aqueous matrix and elemental levels similar to those of EBC were used. Two CRMs were chosen from the National Institute of Standards and Technology (NIST), i.e., Trace Elements in Natural Water CRM-1640 (analysed by TXRF) and Trace Elements in Water CRM-1643e (analysed by ICP-MS).
Detailed sample collection and preparation is described elsewhere [10] . Briefly, EBC samples were acidified with 3 % v/v HNO 3 at room temperature, sonicated for 10 min and stored at -80°C.
For TXRF analysis, EBC samples were doped with Ga (AAS Specpure Ò Ga solution 1,000 ± 10 lg/l Alpha Aesar) as an internal standard, in a concentration of 100 lg/l. Doped samples were strongly homogenized and 20 ll pipetted onto appropriate quartz sample carriers for TXRF measurements. For ICP-MS analysis, 500 ll of EBC samples were doped with Y (AAS Specpure Ò Y solution 1,000 ± 10 lg/l Alpha Aesar) as an internal standard in a concentration of 10 lg/l. Samples were diluted 5 fold in 18 MX cm ultrapure water (Milli-Q Element Ò ) acidified with 1 % v/v HNO 3 suprapur (Merck, Germany).
Analytical techniques
The ICP-MS equipment, ELAN DRCe (Perkin Elmer, SCIEX, USA) was operated at 1,100 W, with argon gas flow of 15 l/min. A Peltier-cooled cyclonic spray chamber was used with a flow of 0.85 l/min. Quantitative analysis was carried out based on an external calibration. Data was collected, processed and analyzed with ELAN 3.4 software. The TXRF analyses were carried out in a EXTRA II_A spectrometer (ATOMIKA) and elemental quantification performed by the internal standard method using QXAS software package [11] .
Uncertainty calculation
The method performance parameters, i.e., precision and trueness, were evaluated during method validation and used to estimate uncertainties. Two certified reference materials (CRMs) and a pool of EBC samples were analysed. Trueness was estimated in terms of overall recovery obtained from spiking aliquots of the EBC pool at different concentrations for K, Mn, Cu, Cd, Sb and Pb. Uncertainties were estimated according to methods currently used in analytical chemistry, which are based in whole method performance parameters [12, 13] :
where U C z is the expanded uncertainty of element ''Z'' concentration, C Z , (using a coverage factor of 2) and u 0 c is the relative combined uncertainty, which is given by
where RSD is the relative standard deviation and u 0 rec is the relative uncertainty in the recovery, which is calculated by two different equations whether recovery is estimated using a certified reference material (CRM) or from the spike study. When a CRM is used, recovery is given by:
where " C obs is the mean of the observed results in the replicate analyses of the CRM, s obs is the respective standard deviation; u CRM is the standard uncertainty in the certified value C CRM , indicated in the CRM certificate. The relative uncertainty in the recovery from the spike study is estimated using: 
Results and discussion
The validation of the analytical method used to determine elemental concentrations in EBC included the estimation of the performance parameters, precision and trueness. By measuring CRM samples these parameters were evaluated for natural water analysis. In the absence of appropriate certified samples, similar to EBC matrix, the precision was determined by repeated measures of a pool constituted of EBC samples and the trueness of the method was obtained from a spike study, where the recovery estimation was determined for the concentrations measured in the spiked EBC pool.
The CRM samples were repeatedly analysed in 12 independent runs under reproducibility conditions. Mean elemental concentrations and relative standard deviations (RSD) obtained are presented in Table 1 together with the corresponding values of the relative uncertainty in the recovery and the mean recovery " C obs /C ref .
The contribution of the uncertainty due to precision, expressed by RSD, was \6 % for all elements and both techniques. The bias obtained was B8 % and relative uncertainty in the recovery (u 0 rec ) was B2 %. However the uncertainty budget increased, as the recovery obtained for Cd using ICP-MS and Mn, Cu, and Pb using both TXRF and ICP-MS was statistically different from 1 [12] . The increased recovery relative uncertainty reaches 9 % for Mn (TXRF), 7 % for Cu and Cd (ICP-MS) and Pb (TXRF), 4 % for Pb (ICP-MS) and Cu (TXRF). The calculated expanded uncertainty (U) for ICP-MS and TXRF was B17 and B19 %, respectively, and shown in Table 2 . The analysis of the native EBC pool enabled to evaluate precision. In Table 3 , the mean elemental concentrations ( " C obs ), RSD and LD, obtained in the analysis of 20 replicates for ICP-MS and TXRF are indicated. In this case, the contribution to the combined uncertainty from precision was B5 % for ICP-MS and TXRF for all elements, except for Mn in the later. The poor precision obtained for Mn determination with TXRF can be justified as the Mn concentration in EBC is between the LD and the quantification limit (2.9 lg/l) of the method.
The results obtained in the analysis of the spiked EBC pool are shown in Fig. 1 , where expected (native ? spike) and observed concentrations are compared. Differences to expected values are B13 % for TXRF and B15 % for ICP-MS. Table 4 allows the comparison between uncertainty contributions from precision (RSD) and trueness (u 0 rec ), presenting as well combined and expanded uncertainties. As can be inferred from Table 4 the values of u 0 rec obtained in the spiking study represent the most relevant contribution to total uncertainty.
The combined uncertainty, u 0 c , calculated in the spike study, varied between 8 and 15.6 % for ICP-MS and between 10 to 22 % for TXRF. Therefore the expanded uncertainties at 95 % confidence (coverage factor of 2) were \25 % for the majority of elements.
The estimated uncertainties in EBC analysis by TXRF were somewhat larger than those obtained with ICP-MS. Incomplete sample homogenization may be the cause of uncertainty differences between both techniques, calling the attention for the need of further improve analytical methodology.
Nevertheless, the adequacy of the method to assess occupational exposure can be demonstrated by applying the uncertainty values estimated to the elemental concentrations measured in the EBC of non-exposed individuals and exposed workers. The procedure was applied to ICP-MS results of Cd, Sb and Pb concentrations in EBC collected from individuals exposed to different levels of contaminants. The work environment characterization was carried out previously [8] enabling the establishment of three levels of exposure based on particulate matter Pb concentration. Two groups of workers of the lead industry, exposed to metal dust containing relevant concentrations of Pb in different amounts (intermediate and high level groups), and one group of non-exposed subjects (working in offices) were used. The concentration of Cd in EBC was also selected, due to the toxicological relevance of this element, although their presence in the environment cannot be directly associated to the industry processes. As can be depicted in Fig. 2 the concentration intervals obtained for Table 4 ) were completely separated. The Cd concentrations in EBC cannot distinguish between low-level and intermediate-level of exposure, but can discriminate the high level of exposure. The result suggests that Cd may exist as a contaminant of the materials processed in the workplace. Therefore, we can conclude that the procedure proved to be useful to distinguish exposure groups, meaning that the total uncertainty of the method was appropriate to discriminate exposure levels.
The study was focused on the concentrations of K, Mn, Cu, Cd, Sb and Pb. These elements were selected to provide a wide range of concentration levels (from mg/l to lg/l), and to obtain data for relevant elements in biological fluids as K [14] and confirmed pollutants, such as Mn, Cu, Cd, Sb and Pb, some of them also play essential physiological roles (i.e., Mn and Cu). Although changes in recognized toxicants are important to assess exposure risk, essential elements may provide unique information on physiological imbalances caused by acute or chronic exposures [15] . In this context the knowledge of total uncertainties that can be attributed to the analytical method used will be extremely important in order to assure the significance of concentration changes observed.
Conclusion
It was demonstrated that the use of two different analytical techniques, ICP-M and TXRF enabled the validation of EBC analysis. The analysis of spiked EBC samples showed that recovery is the most relevant contribution to total uncertainty. Although additional efforts to improve sample homogeneity should be carried out, the methodology used proved to discriminate between individuals exposed to different amounts of metal dust, using the estimated uncertainty value at 95 % confidence. In conclusion, the proposed analytical method can be useful to biomonitor individuals exposed to metals such as, Sb and Pb, using EBC. Table 4 Uncertainty estimation based on ICP-MS and TXRF analysis of the EBC pool. Uncertainty of precision (RSD) and recovery (u 
